We isolated HIV-1 Envelope (Env)-specific memory B cells from a cow that had developed high titer polyclonal immunoglobulin G (IgG) with broad neutralizing activity after a long duration vaccination with HIV-1 AD8 Env gp140 trimers. We cloned the bovine IgG matched heavy (H) and light (L) chain variable (V) genes from these memory B cells and constructed IgG monoclonal antibodies (mAbs) with either a human constant (C)-region/bovine V-region chimeric or fully bovine C and V regions. Among 42 selected IgC memory B cells, two mAbs (6A and 8C) showed high affinity binding to gp140 Env. Characterization of both the fully bovine and human chimeric isoforms of these two mAbs revealed them as highly typespecific and capable of binding only to soluble AD8 uncleaved gp140 trimers and covalently stabilized AD8 SOSIP gp140 cleaved trimers, but not monomeric gp120. Genomic sequence analysis of the V genes showed the third heavy complementarity-determining region (CDRH3) of 6A mAb was 21 amino acids in length while 8C CDRH3 was 14 amino acids long. The entire V heavy (VH) region was 27% and 25% diverged for 6A and 8C, respectively, from the best matched germline V genes available, and the CDRH3 regions of 6A and 8C were 47.62% and 78.57% somatically mutated, respectively, suggesting a high level of somatic hypermutation compared with CDRH3 of other species. Alanine mutagenesis of the VH genes of 6A and 8C, showed that CDRH3 cysteine and tryptophan amino acids were crucial for antigen binding. Therefore, these bovine vaccine-induced anti-HIV antibodies shared some of the notable structural features of elite human broadly neutralizing antibodies, such as CDRH3 size and somatic mutation during affinity-maturation. However, while the 6A and 8C mAbs inhibited soluble CD4 binding to gp140 Env, they did not recapitulate the neutralizing activity of the polyclonal antibodies against HIV infection.
Introduction
While there are numerous approved or investigational drugs against HIV infection, 1 passive antibody prophylaxis and immunotherapy could hold a valuable place in both the prevention and treatment of human immunodeficiency virus (HIV) infection. Various novel monoclonal antibodies (mAbs) that have been derived from HIV-infected individuals show extremely high potency with neutralization breadth that includes many HIV-1 strains. Furthermore, the efficacy of passive transfer of broadly neutralizing antibodies (BrNAbs) to block HIV-1 transmission in humans was shown in HIV-1 infection studies in humanized mice and simian/HIV infection in macaques. [2] [3] [4] [5] Eliciting effective antibody responses plays a fundamental role in vaccine development. If a purified therapeutic antibody is protective, then eliciting similar antibodies with a vaccine could protect against the relevant pathogen. 6 However, despite three decades of attempts, prophylactic vaccines to prevent HIV transmission have not been successful. The most challenging factor toward achieving an effective vaccine has been eliciting BrNAbs against a wide array of circulating viral strains. An immune response producing BrNAbs is dependent on the suitability of a designed immunogen to present conserved epitopes and the capability of the host immune system to adequately respond to these elusive and highly conformational epitopes., 7, 8 Among various configurations of HIV Env, monomeric gp120 is relatively easy to produce, but cannot induce adequately protective antibodies 9 because it dominantly presents non-neutralizing epitopes that are likely to be concealed on native trimeric spikes. These strong non-neutralizing epitopes act as a decoy for the immune system, which produces nonneutralizing antibodies that cannot bind the functional epitopes targeted by genuine neutralizing antibodies. 10 In comparison, trimeric soluble Envelope (Env) gp140 has been much better than gp120 monomers in stimulating BrNAbs, 11 with powerful responses obtained from vaccination of guinea pigs, 8, 12 llama 13 and cows. 14, 15 Potent antibody binding to key pathogen infectivity determinants relies on the evolution of Ig CDRH3 toward high affinity interactions with an antigen. 16 The CDRH3 domain has the highest amino acid (aa) variability in IgG and plays the most critical role in the antigen binding interaction. Diversity arises by DNA rearrangement between the variable (IGHV), diversity (IGHD) and joining (IGHJ) genes to create CDRH3 with diverse gene sequences. 17, 18 In contrast to human and mice, the bovine antibody diversity occurs through Ig gene somatic hypermutation (SHM), which may also happen without antigen contact at the fetal stage. 19, 20 The ultimate result is an affinity-maturation of the variable (V) region, especially the CDRH3 domain, and this increases the IgG neutralizing activity of HIV Env -targeting antibodies. 21 The emergence of HIV-1 BrNAbs exhaustively extends the diversity and maturation mechanisms of human immune system compared with the IgG antibodies effective against other pathogens or the common type-specific neutralizing HIV antibodies. [22] [23] [24] Extensive maturation by SHM of the VH region is considered crucial for BrNAbs to HIV because un-mutated germline ancestors of BrNAbs have low or absent reactivity, let alone neutralizing potency. 25, 26 In addition, it appears that B cells producing antibodies with long CDRH3 (20 -34 residues) are selected in BrNAbs that target the deep epitopes of HIV-1 Env, such as the CD4 binding site (CD4bs), 27 ,28 the glycanrelated V1/V2 and V3 epitopes, 29 the gp120/gp41 bridging region 24, 30 and the gp41-membrane-proximal external region ( MPER). [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] Mice and rabbits have a genetic bias toward shorter CDRH3 antibodies,. 42, 43 restricting their utility for HIV vaccine trials, 44 but cattle have very long CDRH3 domains of up to 67 aa, 20, [45] [46] [47] [48] making them a novel animal model to assess HIV vaccines. 14, 15 The Bos taurus V gene is almost limited to one family (boVH1). 20, 46, 47 However, the bovine immune system has a novel diversification mechanism that duplicates short segments of DNA coding for aromatic aa in CDRH3, and this helps the IgG V regions to expand for effective targeting of epitopes from diverse complex pathogens. High-level SHM of bovine Ig is the main strategy for antibody evolution and efficient antigen recognition. 49 Bovine IgG is exceptional among other species, including human, with the long length of CDRH3 compared with other mammals. 20, [45] [46] [47] [48] In bovine, CDRH3 is elongated to contain frequent cysteine (Cys) residues that become engaged in disulfide bonds at the antigen binding sites. 48 The long CDRH3, high level of SHMs and presence of Cys residues that are normal in bovine Ig are features also identified in human HIV-neutralizing IgG. The evolution in humans of antibodies with these characteristics, however, requires a long time and is uncommon. 50 Previous studies of human IgG illustrate that, although the presence of Cys and aromatic residues are rare, these residues play a crucial role in epitope binding or neutralization of the virus in HIV human monoclonal BrNAbs. The substitution of aromatic residues, mainly tryptophan (Trp) and tyrosine (Tyr) in MPER-binding mAbs, reduces their neutralization activity. 31, 51 Furthermore, the importance of Cys and aromatic residues such as Trp is shown in neutralization activity of CD4bs BrNAbs antibodies, 52, 53 highlighting the critical function of these residues in either a direct antigen-binding interaction, or in steric effects upon the required structure for epitope access and engagement.
Vaccination of cows with uncleaved HIV AD8 strain gp140 Env (HIV AD8 gp140, AD8 clone of ADA) resulted in a high titer of BrNAbs in serum that collected in very large quantities in colostrum samples of the immunized cows. 14, 15 The colostrum IgG had broad neutralizing activity and was able to inhibit anti-CD4bs mAbs such as b12 and VRC01, 14 and had antibody-dependent cell-mediated cytotoxicity activity. 54 Here, we describe the isolation of HIV-specific bovine memory B cells from a gp140 vaccinated cow producing BrNAbs and construction of fully bovine and chimeric human/bovine mAb antibodies that exemplify how bovine IgG engages conformationdependent epitopes on trimeric Env gp120. We assessed the CDRH3 length and hypermutation levels of bovine anti-HIV binding antibodies and the role of Cys and other aromatic aa in HIV antigen binding activity. This study opens a path toward humanized bovine mAbs and examines the potential to harness the bovine immune system against HIV.
Results

Frequency of total and HIV-specific memory B cells in nonimmune and immune peripheral blood mononuclear cells
A sustained HIV AD8 Env gp140-specific reciprocal IgG titer was confirmed in serum samples from a cow (7004) that was the subject of an extended vaccination with HIV AD8 Env gp140 oligomers (Fig. S1 ). To further study the frequency of HIV AD8 Env gp140-specific memory B cells, an Enzyme-Linked ImmunoSpot (ELISPOT) assay was performed. Peripheral blood mononuclear cells (PBMCs) of the immunized cow (collected at 46, 47, 47.5 and 48.5 months) and the non-immunized cow were stimulated for 6 days, then incubated with AD8 gp140 Env. As shown in Fig. S2 (Fig. 1) . The average percentage of assay background in total memory B cells of non-immune PBMC was 0.95 § 0.01. The presence of anti-AD8 HIV antibodies in serum samples and confirming AD8-specific memory B cells in ELISPOT assay was the essential step to start isolating AD8-specific memory B cells.
Detection of Env-specific memory B cells from vaccinated cow 7004 by flow cytometry
After biotinylation of gp140, the activity of epitope sites was confirmed as mentioned in text S1 and Fig. S3 . Then, gp140 reactive memory IgG B cells were identified as viable CD21C IgGC gp140C cells within the lymphocyte gate. The frequency of AD8 gp140-specific memory B cells in the vaccinated PBMC sample of cow 7004 was 0.87% of IgGC CD21C cells (Fig. 2) . In brief, 30 million PBMC were stained and analyzed using flow cytometry. In total, 95 CD21C IgGC gp140C cells were gp140 AD8C and therefore sorted into single wells.
Amplification of bovine constant/variable gene
The bovine heavy gamma (1010 bp) and light lambda (330 bp) constant genes were amplified by PCR (Fig. 3A) . Genes were cloned into pFUSE gamma and lambda expression vectors to construct bovine constant region expression vectors. The accuracy of cloning was confirmed by sequencing.
The heavy and light V genes were amplified with nested PCR. The fragments amplified in the first round PCR were 450-700bp, including signal peptide, V gene and some nucleotides from the constant gene. The second round PCR resulted in shorter fragments, in the range of 300-500bp (Fig. 3B) . The Ig heavy reverse external primer was designed to amplify only Igg1 and Igg2 genes since Igg3 is not expressed at the protein level. 55 In addition, because the bovine immune system expresses Ig lambda chain preferentially, 56 in this study, the Ig light reverse external primer targets all lambda genes (Ig λ 1-4) but not kappa chain genes. Out of 95 cells, 42 cells showed an Ig heavy V gene band, but the Ig lambda V gene for only 39 cells could be amplified (positive for both heavy and light V gene) and selected for sub-cloning and expression cloning.
Expression of Chimeric/full bovine antibodies
The bovine V genes were digested and cloned into expression vectors with human/bovine light/heavy constant genes. 293T cells were co-transfected with the recombinant expression vectors and the cell culture supernatants were harvested for further analysis by western blotting (Fig. 3C ) and enzyme-linked immunosorbent assay (ELISA). Out of 39 co-transfections of paired heavy/light expression vectors, 32 mAbs were expressed efficiently. Two mAbs (6A and 8C) showed anti-AD8 gp140- Figure 1 . Percentage of HIV AD8 Env gp140-specific memory (B) cells in total memory (B) cells. Antibody secreting cell number was calculated according to the number of spots formed on the plates coated with AD8 gp140. Cut-off spot forming unit was five per well. Data represents mean of 2 replicates (intra-variability) and error bars show standard deviation (SD). P values were calculated using one-way ANOVA followed by a Tukey honest significant difference (HSD) test post-test (ns, not significant; Ã P 0.05). specific binding activity in ELISA assay. Chimeric and bovine versions of 6A and 8C were then expressed in large scale and purified using Protein G (prt G) agarose.
6A and 8C chimeric mAbs bind to conformation-dependent epitopes on trimeric AD8 gp120 Env but not AD8 gp120 or gp41 monomers: The harvested supernatants were assessed in a direct ELISA to determine HIV-1 AD8-specific reactivity. Only two mAbs (6A and 8C) showed anti-AD8 gp140-specific binding activity assessed by ELISA (Fig. 4A) . The end-point concentration of 6A and 8C mAb was 3.2 ng/ml and 0.64 ng/ml, respectively. Though 6A and 8C chimeric mAbs bind to AD8 gp140 Env, they do not show any binding activity against YU-2, MW and PSC 89 gp140 Env, which indicates that 6A and 8C mAbs are strain-specific antibodies (data not shown). In contrast to VRC01 mAb, 6A and 8C chimeric mAbs exhibited no binding activity to monomeric gp120 in ELISA (Fig. 4B) and immunoprecipitation (IP) (Fig. S4) protein, suggesting that the epitopes are not present on monomeric gp120. In addition, our result showed that 6A and 8C mAbs do not bind to linear epitopes on AD8 gp140 Env (Fig. S5) showing that 6A and 8C target conformation-dependent epitopes.
6A and 8C mAbs were incubated with the supernatant of chimeric soluble gp140, which was constructed from oligomers of simian immunodeficiency virus (SIV) and AD8 Env (SIV gp41-AD8 gp120 and SIV gp120-AD8 gp41) in an IP assay. This experiment was performed to investigate if the tested chimeric mAbs bind to HIV AD8 gp41 or HIV AD8 gp120 in an oligomeric context with SIV oligomeric gp120 or gp41, respectively. The results show that 6A and 8C mAbs bind to trimeric gp120 in SIV gp41-AD8 gp120, whereas no binding to trimeric gp41 was detected in SIV gp120-AD8 gp41 IP assay (Fig. 5 ).
6A and 8C chimeric mAbs bind to soluble non-immobilized AD8 gp140 and covalently stabilized, soluble cleaved trimeric gp140 (SOSIP gp140)
As shown in Fig. 6A , mAbs 6A and 8C not only bind to immobilized AD8 gp140 Env (ELISA assay), but are also able to target their epitopes on a soluble non-immobilized form of Env (Fig. 6 ) in IP assay. The binding of 6A and 8C chimeric mAbs to SOSIP AD8 gp140 Env (Fig. 6B) confirms that the bovine antibodies detect an HIV Env epitope that is present on SOSIP AD8 gp140 trimers that closely mimic the structure on the virion-associated surface Env.
Soluble CD4 inhibit binding of mAbs 6A and 8C to AD8 gp140: To investigate whether 6A and 8C mAbs share any epitope with known BrNAbs, a competition ELISA was performed between bovine-derived 6A and 8C mAbs and BrNAbs b12 and VRC01 (CD4bs), 2G12 (Mannose dependent epitope on gp120), PG9 and PG16 (N glycan linked V1-V2 region), PGT121, PGT126 and PGT135 (N glycan linked V3 region) and 2F5 and 4E10 (MPER region). The results showed no inhibition of binding for BrNAbs after addition of 6A and 8C mAbs. This means that the mentioned bovine-derived mAbs do not have any overlap epitopes with the tested BrNAbs or they bind with low affinity to the target epitopes and their binding is outcompeted (data not shown).
Soluble CD4 (sCD4) competition ELISA showed that the binding of chimeric mAbs (particularly 8C mAb) can be effected negatively by sCD4 (Fig. 7 ). This result indicates that Figure 5 . Binding of mAbs to the chimeric (HIV/SIV) AD8 gp140. (A) SIVgp41-AD8 gp120 IP assay: 6A/8C/VRC01-prt G controls (lanes: 2, 5, 8) were used to confirm the specific Env protein capturing in 6A/8C/VRC01-gp140-prt G samples (lanes: 3, 6, 9). gp41-AD8 gp120-prt G (lane: 10 show the non-specific background of chimeric gp140 binding to prt G in IP assay. 6A/8C/VRC01 controls (lanes: 1, 4, 7) included purified mAb in western blot assay to discriminate any possible western blot related background from real captured chimeric gp140 bands. Gp140 control (lane: 11) was used in western blotting assay to confirm the correct size of captured Env proteins in IP assay. (B) SIVgp120-AD8 gp41 IP assay; the control included: western blot control of 2F5, 6A and 8C (lanes 12, 15, 18), IP assay controls (13, 16, 19) . The captured chimeric gp140 Env from 2F5, 6A and 8C IP assay could be detected in lanes 14, 17 and 20. Lane 21 represents the background on chimeric SIV gp120-AD8 gp41 non-specific binding to prt G. Lane 22 is the control samples which shows the position of SIV gp120-AD8 gp41. mAbs 6A and 8C may target an epitope on CD4bs that does not ovelap with those of VRC01 and b12. The other possibillity is that structural alteration of Env gp140 following sCD4 binding may cause the epitopes to be lost or less accessible for 6A and 8C mAbs. However, a competition ELISA between 6A and 8C mAbs showed that these two antibodies do not compete with each other in AD8 gp140 binding (data not shown).
Despite the strong binding of 6A and 8C to trimeric gp140 AD8, both mAbs did not neutralize AD8, MN and SF162 pseudoviruses using the TZM-bl or CF2th/CD4/CCR5/CXCR4 neutralization assay. This result indicates that both mAbs bind to non-neutralizing epitopes on trimeric gp140 (data not shown).
6A and 8C have average-sized VH and CDRH3
The sequences of VH genes were determined with the conserved residues at the start of framework 1 (FR1) and the end of FR4 of the VH region (Text S2). The size of bovine VH region was 109-171 residues, with the average 129.78 § 11.91 (Fig. 8A ). The size of VH region of 6A and 8C mAbs was close to the average of 129 and 122 residues, respectively. The CDRH1 region was flanked by conserved residues: between serine/ asparagine in FRH1 and Trp in FRH2. The size of CDRH1 in all antibodies, including 6A and 8C mAb, was five aa. The CDRH2 region was surrounded by conserved residues, between glycine in FRH2 and arginine in FRH3. The length of CDRH2 was 16 aa in all selected mAbs except one (1 of 32), which had 13 residues. The CDRH3 was flanked by conserved residues; the start residue was the third amino acid after the last conserved Cys in FRH3, while the end of this gene was just before the Trp in FRH4. The CDRH3 was the most variable region in size compared with CDRH1 and CDRH2 regions. The average length of CDRH3 was 23.34 § 10.60 aa, and, as shown in Fig. 8B , the length range was between 6 and 63 aa and the majority of selected mAbs had 17-26 residues (28 of 32). The size of CDRH3 in 6A and 8C mAbs was 21 and 14 residues, respectively.
High frequency of Cys but low number of aromatic residues in VH and CDRH3 regions
No Cys was present in the sequence of CDRH1, whereas the presence of Cys aa in CDRH2 region was restricted to only 5 mAbs with the frequency of 6.25% of the total aa in this gene (1 of 16). 6A and 8C mAbs did not have any Cys in their CDRH2 region. The sequencing analysis revealed that Cys was more frequent in the CDRH3 region compared with CDRH1 and CDRH2 regions. Except for one mAb that had a CDRH3 length of 6 residues, all selected mAbs had 1-4 Cys. Two mAbs with very long CDRH3 of 59 and 63 aa had 6 and 8 Cys, respectively (Fig. 9A) . The average percentage of Cys was 7.33 § 4.11 (range of 0-8 Cys). The frequency of Cys in the total residues of CDRH3 of 6A and 8C mAb was 9.52% and 14.28%, respectively.
In most of the antibodies (26 of 32), the aromatic residue Tyr (20% frequency) was observed in CDRH1. In addition, there was one Trp in one of the selected mAbs. One Tyr was observed in 8C mAb CDRH1, while 6A mAb sequence did not reveal any aromatic residue in CDRH1. Tyr, and in some cases aromatic residues Trp or Phe, were observed in CDRH2 of selected mAbs (26 of 32). There was one Phe and one Tyr in 6A (6.25% of all CDRH2 region aa) and 8C (6.25% of all CDRH2 region aa) mAb, respectively. The majority of selected mAbs (20 of 26) had one aromatic residue in their CDRH2 regions, while there was one mAb with 3 aromatic residues and 5 mAb with 2 aromatic residues. The average frequency of aromatic residues was 6.53 § 4.49 of all CDRH2 region aa. As shown in Fig. 9C , the frequency of aromatic residues such as Trp, Tyr and Phe in CDRH3 region was between 0 and 7 in selected mAbs. Two mAbs had no aromatic residues in their CDRH3 regions. The majority of selected mAbs had 2-5 aromatic residues. Two mAbs with the very long CDRH3 regions had 7 and 5 aromatic residues, respectively. The average frequency of aromatic residues in total residues of CDRH3 was 13.26 § 5.97. In 6A and 8C mAbs, the percentage of aromatic residues was 9.52% and 7.14%, respectively (Fig. 9D) .
The number of Cys in light variable regions of all selected mAbs was only two, and no diversity could be detected. Tryptophan frequency in most of the antibodies was only one, with the exception of only a few antibodies showing two or three tryptophan. 6A and 8C mAbs have only one tryptophan (data not shown).
Average somatic hypermutation degree in VH regions of 6A and 8C mAbs
The bovine lambda chain has a limited role in antigen binding recognition, 57 so the degree of SHM was not analyzed in the selected mAbs. The analysis of SHMs was performed according to the alignment of CDRH genes with the available germline genes of Holstein Friesian cows 58 The CDRH1 and CDRH2 genes were aligned with germline IGHVH boVH1 gene, whereas CDRH3 gene was aligned with the best matched germline genes of IGHV boVH1, IGHD (1-8) and IGHJJ1. 47 The Figure 7 . Competition of sCD4 with purified mAbs. Env AD8 gp140 was immobilized, then serial dilution of mAbs 6A, 8C and b12 with constant amount of 20 ug/ ml sCD4 was added to each well. (Fig. 9E ). 6A and 8C germline genes were IGHD7 and IGHD8, respectively. The average degree of SHM of entire VH gene was 25.46 § 2.83. 6A mAb alignment with germline genes revealed 24.81% SHM, which was in the average range. 8C mAb alignment with its germline genes, showed 22.13% SHM, which was below the average (Fig. 9F) . The alignment of 6A and 8C VH genes with their germline genes are displayed in Fig. 9G .
Trp and Cys residue play critical role in gp140 binding of 6A and 8C mAbs
The mutated mAbs were assessed for AD8 gp140 Env-binding by ELISA. The end-point concentration of wild type 6A mAb was 8 ng/ml, which was impacted negatively through alanine (Ala) substitution (Table 1 ). The mutation Y115A exhibited the least effect on antigen-binding activity (endpoint concentration of 40 ng/ml), whereas the substitution of Trp (W106A) and His (H111A) reduced the anti-gp140 binding activity by »125 fold (end-point concentration of 1000ng/ml compared with wild type end-point concentration of 8 ng/ml). The mutation of Cys (C108) to Ala showed the highest negative influence by hindering the interaction between 6A mAb and soluble gp140 (end-point concentration above 1000 ng/ml) (Fig. 10A) . Regarding mAb 8C, the wild type had an end-point concentration of 0.32 ng/ml and His mutation (H109A) did not have any significant effect on antigen binding of the mAb (Table 1 ). The Tyr mutations to Ala reduced the antigen binding 5 times in comparison with that to wild type antibody (Y32A, Y59A end-point concentration of 1.6 ng/ml). Mutation of Cys residues (C100A or C108A) dramatically reduced the antigenantibody interaction by 625-fold. The major end-point concentration was determined to be 1000 ng/ml for W98A, indicating a markedly impeded antigen-binding activity (3125 times), and that the principal role of this residue is direct antigen binding or maintaining the required structure for antigenantibody structure (Fig. 10B) . 
Modeling of wild type heavy bovine V genes
The homology-modeling revealed a protruding CDRH3 for 6A VH chain with Trp and Cys on the tip, predicting a potentially important role in antigen binding (Fig. 11A and 11B ). The structural modeling was performed to predict the position of aa in CDRHs that participate in potential strong hydrogen binding, such as aromatic residues (Trp and Tyr that also form deeply recessed hydrophobic interactions with globular proteins), and His. The heavy CDRs of 6A and 8C also contained Cys aa that may form disulfide bonds that constrain tertiary protein structure (Fig. 11B) . Although the modeling of CDRH3 is challenging, the result of ELISA for mutated antibodies is consistent with the result we obtained from modeling.
In addition, the Swiss-model homology tool used almost 10,000 templates to create the best-matched 3D structure. The final templates that the tool selected were X-ray crystallography of 4k3d.1.A bovine antibody for 6A mAb and 4k3e.2.A bovine antibody for 8C mAb. The Global Model Quality Estimation was 0.84 and 0.83 for 8C and 6A mAb, respectively. Since this score is usually reported between 0 and 1, the values close to 1 demonstrate high reliability on the modeled structures. Sequence identity also gives a confidence range. If the identity of the modeled structure compared with the template is 70% or over, the structure is reliable. The sequence identity of 6A to its template was 70%, while this value was 76.23% for 8C mAb.
To investigate the effect of Ala substitution of Trp, His and Cys on the 3D structure of CDRH3, the SWISS-MODEL server [59] [60] [61] [62] was used to model the entire V regions with the selected mutations. The predicted structure changed in 3D modeling is summarized in Table 1 . All Ala substitutions in 6A mAb were performed in CDRH3, while in 8C mAb, Y32A and Y59A mutations were performed in CDRH1 and CDRH2, respectively. As shown in Fig. 11A and Fig. 11B , replacement of Trp (both mAbs) and His (only 6A mAb) changes the structure of CDRH3, which can be the potential cause of a reduction in antigen-binding activity. Exchange of C100 and C108 residues to Ala in 8C and 6A mAbs, respectively, showed reduction in Env-binding, which could be explained by structural change in modeled CDRH3 regions ( Fig. 11A and 11B ).
Discussion
Numerous attempts have been made to develop an effective HIV vaccine, but only modest progress has been made in stimulating broad neutralizing antibodies in humans. While most studies examine serum antibody to assess vaccine efficacy, the appearance of antigen-specific memory B cells in PBMC is a critical outcome supporting immunization efficiency. ELISPOT assays estimate the number of total and HIV-specific memory B cells circulating in blood or other tissues of vaccinated animals/individuals and HIV infected patients. In HIV-infected individuals, a range of 0.1-7% HIV-specific memory B cells within the total memory B cell pool has been reported previously. 63, 64 Immunization of macaques with YU-2 gp140 resulted in a high percentage of HIV-specific memory B cells. Sundling and colleagues estimated that YU-2 gp140 trimerspecific memory B cells were 10-20% of total memory B cells of PBMC in immunized macaques. 65, 66 Here, we report that the frequency of AD8 gp140-specific memory B cells was in agreement with the AD8 gp140 antibody titer in serum samples. The third year immunization resulted in a consistent level of 5.26-6.38% AD8 Env memory B cells within the total memory B cell pool. While the ELISPOT assay only estimates the frequency of HIV-specific memory B cells, recent improvements in instrumentation for fluorescent cell detection and isolation (flow cytometry assay) have facilitated the isolation of single HIVspecific B cells suitable for Ig gene cloning and mAb production. [67] [68] [69] [70] [71] [72] In our study, the percentage of HIV-specific memory B cells identified by flow cytometry (0.87%) was considerably lower than the result achieved by ELISPOT. However, this variation could just reflect a difference between assays, where the memory B cell ELISPOT assay includes an incubation step of several days that could potentially amplify clones and relies on secreted antibody rather than surface expression of immunoglobulin. It is most likely the difference between ELISPOT and flow cytometry reflects differences in sensitivity.
Construction of chimeric or humanized mAbs offers insights into the molecular evolution of the antibody response, and the preparation of potentially useful materials. Extensive engineering of the antibodies toward humanization is usually required to prevent the generation of a human-anti-mAb response in patients in which these mAbs will be potentially used therapeutically. Previous studies showed that humanized murine-derived antibodies can retain antigen binding and neutralization activity. 73, 74 Our results showed that the anti-HIV bovine V regions can be fully functional for HIV AD8 gp140 and SOSIP gp140 Env-binding when joined with the humanIgG1 C region. These results provide a starting point to investigate humanization of bovine mAb for potential in-vivo applications in future. MAb chimerization, which substitutes the bovine Fc for a human Fc region, could be advantageous in removing deleterious functions associated with the bovine Fc. Replacing bovine Fc with known human Fc functions may, on the other hand, be a disadvantage if there were any novel benefit provided by the bovine Fc region in generating the potent antiviral activity reported in the whole bovine antibody mixture. Further studies are required to understand any enhanced anti-HIV-1 activity provided by the bovine antibody Fc region, while limiting the immunogenicity to humans from the bovine IgG Fc.
In this study, among 32 expressed mAbs, we did not detect any neutralizing mAb. We also used AD8 gp140 Env to isolate HIV-specific memory B cells and to assess the specific Env binding activity of cloned mAbs. Characterization of 6A and 8C mAbs showed that they could also bind to AD8 SOS-IP gp140. However, these two antibodies did not show any neutralizing activity against AD8 and MN pseudoviruses. Failure in isolating neutralizing antibodies could potentially be due to the structure of soluble AD8 gp140, which is more open than the natural Env structure and may not exhibit some neutralizing epitopes that are accessible on native form of Env or may expose more non-neutralizing epitopes. 75 In addition, it is also possible that the probe was aggregated over time and the proportion of correctly structured trimeric gp140 was relatively low, which led to the low number of HIV-specific memory B cell selection. Another explanation could be that the probe structure was conserved, but biotinylation and conjugation of streptavidin PE was not fully successful. We also predict that the Env proteins that were used for the vaccination and B cell FACS selection were not 100% pure and may have been contaminated with some human-derived proteins (from cell culture), which led to selection of some B cells against human proteins. The Env protein used in the ELISA assay to determine the anti-HIV antibodies was from a different production batch, and it may not have contained the human-derived protein contaminations which resulted in the low "hit rate." Finally, the expressed antibody screening/ selection strategy in which the probe is immobilized on a surface of ELISA plate could have been at fault. It is possible that immobilization could alter the conformation of some neutralizing epitopes or cause them to be less accessible for antibody binding, leading to isolation of mainly non-neutralizing antibodies in the screening step.
Though CD4bs is one of the neutralizing epitopes for BrNAbs, the lack of neutralizing activity for 6A and 8C mAbs Figure 11 . 3D structure homology-modeling of wild type and mutated 6A and 8C bovine V genes. (A) 6A wild type and mutated mAbs. (B) 8C wild type and mutated mAbs. The 8C and 6A VH regions are shown in gray and the heavy CDRs are as follow: CDRH1: green, CDRH2: red and CDRH3: blue. The mutated residues are shown as black and with arrow in each mutated mAbs. the VH region was modeled using a fully automated protein structure homology-modeling server (SWISS-MODEL, http:// swissmodel.expasy.org). The server used bovine ultra-long CDRH3 as template (Protein data bank code: 4k3d.1.A for 6A mAb and 4k3e.2.A for 8C mAb). The figures were generated using PyMOL program. 88 despite competition with sCD4 could be due to the expression conditions during in vitro culture in human cells. For instance, it has been shown that strong glycosylation of the antibodies in CHO-K1 cells compared with the hybridoma parental cells can preserve the neutralizing activity of BrNAbs. 76 With the high abundance of aromatic aa in the bovine V-region, tyrosine sulfation is another post-translation mechanism that may contribute to neutralizing activity. For instance, some CD4-inducible antibodies, including 47e, 412d, CM51, and E51, are modified by sulfation. 77 Furthermore, expression of antibodies on the surface of susceptible cells (membrane-bound antibody) can help to conserve their existing neutralization. Recently, it was found that, although TG15 does not exhibit any neutralizing activity when expressed as a soluble protein, 78, 79 it can inhibit various clades of HIV-1 when expressed on the surface of HIV-1 susceptible cells. In our study, we investigated the neutralization activity of the antibodies in the standard neutralization assays using TZM-bl and CF23th cells. However, probably more relevant subsequent neutralization assays are need to investigate the inhibition of virus replication in PBMCs or purified CD4 T cell cultures. In addition, it is questionable whether the 6A and 8C mAbs' neutralization is impeded by V3-loop glycans 80 and further studies on neutralization and binding of these mAbs against glycan-deficient viruses could address this question.
Though SOSIP AD8 gp140 mimics the epitopes on the native Env spike, 81, 82 the binding of 6A and 8C mAbs to SOSIP AD8 gp140 in the absence of any detectable neutralization activity might demonstrate that these mAbs bind to non-neutralizing epitopes that are available not only on soluble trimeric gp140, but also on strain-matched SOSIP gp140. Competition with sCD4, but not b12 and VRC01 BrNAbs, showed these mAbs may target epitopes within the CD4bs that do not overlap with b12 and VRC01 epitopes. Another explanation could be that 3D structural changes in Env following sCD4 binding result in less accessibility of mAbs to their epitopes. However, further studies such as X-ray crystallography may reveal the precise site of binding.
Sequencing analysis revealed that the best matched IGHD germline genes 58 for CDRH3 (IGHD7 for 6A mAb and IGHD8 for 8C mAb) have a moderate size (13) (14) (15) (16) (17) (18) (19) (20) compared with other germline genes. 58 In addition, the percentage of SHM of VH genes in 6A and 8C mAbs was close to the average across all mAbs prepared here, demonstrating that the bovine antibodies targeting HIV gp140 Env do not necessarily need above average rates of SHM. However, future studies on additional HIV Env-binding mAbs are needed to reveal if average somatically mutated and moderate sized CDRH3 from cows are optimal for HIV neutralization like in the human species, and whether the bovine antibodies need to undergo extensive affinity-maturation for broadly neutralization activity.
Previous studies of BrNAbs demonstrated that the presence of Cys and aromatic residues such as Trp and Tyr occurs rarely in human anti-HIV antibodies, though they may be critically involved in the antigen binding or neutralization activity. [51] [52] [53] On the other hand, it was shown that Cys residues are more frequent in bovine ultra-long CDRH3 than short or moderatesized CDRH3. 45 So, we aimed to examine the potential role of Cys and aromatic residues in 6A and 8C mAbs. In this study, substitution of Cys aa in CDRH3 region had a strong negative effect and eliminated antigen binding activity. This is indicative of the important contribution of this residue in the interaction of the antibody with the antigen. Mutation of Trp in CDRH3 region, and to some extent His residues, which are the strongest amino acid participants in hydrogen bonding, significantly decreased the antigen-antibody interaction. This result suggests that both the later residues play a crucial role in the epitope binding. However, mutation of the Tyr aa that are a weaker participant in hydrogen bond formation exhibited undetectable or very slight effect in the antigen binding activity. The potential function of specific CDRH3 residues in the antigen binding can be explained in different ways: direct binding to the epitope, involvement in direct association of residues of both molecules and providing the required intramolecular 3D structure for the epitope detection. We used structural modeling to show that Trp, His and Cys residues may play a role maintaining the functional 3D structure of CDRH3 necessary for antigen binding activity (Fig. 11) . This study only investigates the role of aromatic, polar His and Cys residues in CDRs, whereas uninvestigated residues may be involved in the two molecules interactions. To determine the precise contribution of different residues in CDRs, X-ray crystallography of the antigen combining site/epitope interface would be more informative.
Although the use of soluble trimeric gp140 resulted in a broad polyclonal neutralizing response, vaccination of the cows with SOSIP gp140, which shares close structure with the virion-bound functional form of Env, might target BrNAbs germline B cells receptors (BCRs) more efficiently than soluble trimeric gp140. Using SOSIP proteins and virus-like particles for B cell selection might increase the chance of isolating B cells with BCRs binding to the native epitopes on HIV Env. Furthermore, including a highthroughput method such as microneutralization after flow cytometry selection of B cells may facilitate a functional investigation of secreted antibodies produced in very low amount from one cell. This could be a powerful strategy to clone and express only variable genes of BrNAbs rather than those only binding to HIV Env. Overall, the unusual features of the bovine immunoglobulin diversity mechanism suggest that bovine mAbs may be produced to antigenic epitopes that are very difficult for other species to engage. Potential avenues to move forward with bovine antibodies are encouraging and humanization of bovine BrNAbs as a long-acting antiviral therapy in HIV infected individuals may serve as an adjunct to the existing daily oral antiviral regimens.
Material and methods
Immunization of cow and anti-HIV AD8 gp140 antibody titer in serum samples
Oligomeric clade B AD8 gp140 of Env (AD8 clone of ADA) truncated at the membrane proximal external region was created as described previously.
14 Briefly, 100 mg of purified AD8 gp140 in adjuvant (Montanide ISO 206; Seppic, France) was injected intramuscularly into the flank. Over a four year period (48.5 months), the cow achieved three pregnancies and was boosted with 3 -4 doses of gp140 during each pregnancy. 15 Serum samples were collected at different time points and anti-HIV AD8 gp140 antibody titres were measured by ELISA. 14 
Isolation of PBMC
Blood samples from immunized and non-immunized cows were taken in citrate-treated tubes (from the last pregnancy: 46-48.5 months) and PBMCs were isolated by the use of density gradient centrifugation. The isolation was performed as described previously 83 with some minor modifications. Briefly, 30 ml of diluted blood (1:1 (v/v) in Dulbecco's Phosphate-Buffered Saline (DPBS, ThermoFisher scientific) was layered over 20 ml of Ficol paque TM plus (GE Healthcare) according to the manufacturer's instructions. Then, the tube was spun at 1600 £g for 40 min at room temperature (RT) and the isolated PBMC from the interface were removed. The cells were washed with cold DPBS/2mM Ethylenediaminetetraacetic acid (EDTA) and centrifuged at 500 £g for 10 min at 48C. The final cell pellet was resuspended in 3ml of 0.83% ammonium chloride for 5 min on ice to lyse red blood cells. Subsequently, the cells were washed with cold DPBS and frozen in heat-inactivated 90% horse serum (Sigma Aldrich) and 10% dimethylsulfoxide (DMSO, Merck).
Elispot
PBMCs of immunized cow 7004 (47.5 weeks) and non-immunized cow were thawed at 37 C followed by a wash step using culture media containing Iscove's Modified Dulbecco's Medium with L-glutamine and 25mM Hepes (Gibco) containing penicillin (10units/mL), streptomycin (10mg/mL), 1£non-essfeiential amino acids (ThermoFisher scientific), 1mM sodium pyruvate (ThermoFisher scientific) and 15% heat-inactivated horse serum (Sigma Aldrich, Cat.No. H1138). The cells were centrifuged at 500£g 10 min and resuspended in culture media again. To stimulate PBMCs, 10 6 PBMC/ml were cultured in culture media containing 20U/ml recombinant human IL-2 (Ray-Biotech, Cat. No. 213-10206), 1mg/ml (1/1000 dilution) Pokeweed (PWM, Sigma Aldrich, Cat. No. L8777), 20 ng/ml recombinant bovine IL-10 (Kingfisher Biotech, Cat. No. KINFRP0379B-005) and 1 mg/ml anti-bovine CD40 (IL-A156, Serotec, Cat. No. SEMCA2431GA) for 6 d.
The frequency of total and antigen-specific bovine memory B cells was determined as described previously 84 with some minor modifications. MultiScreen TM -HA ELISPOT plates (Millipore, Watford, UK) were coated overnight at 4 C with 1/1000 mouse anti-bovine IgG (clone BG-18, Sigma, Cat. No. B6901) in carbonate buffer pH 9.6 (0.2M Na 2 CO 3 , 0.2M NaHCO 3 ) for total memory B cells detection or 2.5 mg/ml AD8 gp140 Env protein for HIV-specific memory B cells. Afterward, the plate was washed 5 times with PBS and blocked with culture media for 2 hours at 37 C. The plate was washed with PBS and subsequently the stimulated cells were cultured and incubated overnight at 37 C in a 5% CO 2 incubator. The following day, the plate was washed and incubated with 1/1000 sheep anti-bovine IgG (HRP) conjugated (AbD Serotec, Cat. No. SEAA123P) for 5 hours at RT. Finally, the plate was washed again and the reaction was developed using 3,3 0 ,5,5 0 -tetramethylbenzidine (TMB) substrate (Mabtech) and stopped by washing in water. The blue spots were counted using AID ELISPOT reader. C. The CD21C cells were sorted and subsequently the cells were stained with 5 ug/ml Streptavidin PE-conjugated AD8 gp140 (prepared as mentioned in protocol S1) for 30-50 min at 4 C. Separately, anti-bovine IgG (Sigma, Cat. No. B6901) was conjugated to pacific-blue fluorophore using mouse IgG1 labeling kit (ThermoFisher scientific). After a washing step, anti-bovine IgG (final dilution 1/300) was used to stain all PBMC samples for 30 min at 4 C. Finally, the data was collected on a LSR Fortessa flow cytometer using FACSDiva software (BD Biosciences).
Amplification of bovine Ig V gene and chimeric/bovine mAb cloning and production HIV-specific B cells were single-cell sorted by flow cytometry into 96-well PCR plates containing RNase inhibitors and stored at ¡80
C. Then, cDNA was synthesized from RNA for each single cell using SuperScript Ò III reverse transcriptase (Invitrogen) and stored at ¡20 C until further analysis. 85 The Ig heavy gamma (IgHg) and light lambda (IgLλ) V genes were amplified independently in nested PCR. Each reaction was performed in 50 ml total volume containing 200 mM dNTPs, 200 nM from each external primer, 1.5 mM MgCl 2 (Promega), 1.2U Go taq HotStart Ò Taq DNA polymerase (Promega), PCR buffer and 3ml cDNA (or first round PCR product for second round PCR). The PCR reaction primers and conditions are listed in Table S1 . The external primers target the signal peptide gene upstream of Ig V genes (IgHg Fw1 or IgLλ Fw1) and the Ig C gene downstream of Ig V genes (IgHg Rv1 or IgLλ Rv1), while internal primers (IgHg EcoRI Fw2/ IgHg NheI Rv2 or IgLλ EcoRI Fw2 / IgLλ AvrII Rv2) bind to conserved regions amplifying the entire V genes. To verify the accuracy and efficiency of the chimeric antibody construction, VRC01 V genes were used as positive control. VRC01 heavy and VL genes were amplified from CMVR VRC01 H and CMVR VRC01 L plasmids (NIH AIDS Reagent Program) ( Table S1 ). The amplified IgV fragments were cloned into the expression vectors of pFUSEssCHIg-hG1 and pFUSE2ss-CLIg-hL2 (Invivogen), which express human constant heavy (gamma) and light (lambda) genes, according to the manufacturer's instruction. Sequencing analysis confirmed the accuracy of cloning. The fully bovine expression DNA plasmids were constructed as mentioned in protocol S2.
Chimeric/fully bovine antibody production
Then, the pair heavy/light expression DNA plasmids (Heavy: light ratio of 2:3) were transfected into human embryonic kidney 293T (HEK293T) cells using Lyovec transfection reagent (Invivogen) according to the manufacturer's instructions. The supernatants were analyzed by western blotting for the expression of the mAbs and by ELISA assay to investigate the anti-HIV binding activity.
Verification of antibody expression
Antibody-containing supernatants were subjected to 12.5% reducing SDS gel and blotted onto nitrocellulose membrane. Membranes were blocked in 5% skim milk for 1 hour at RT and then incubated with 1/10000 ZyMAX goat anti-human IgG (H C L) -HRP conjugated (ThermoFisher scientific, Cat. No. A18811) or 1/1000 sheep anti-bovine IgG (HRP) conjugated (AbD Serotec, Cat. No. SEAA123P) for 2 hours (RT). The membranes were washed with PBS-0.1% Tween 20 after each step. Finally, Supersignal west pico chemiluminescent substrate (ThermoFisher Scientific) was applied to the membrane for 5 min and the bands were visualized using MF-ChemiBis 3.2 imaging system (DNR).
ELISA assay
The assay was performed to screen anti-HIV antibodies and assess the antigen binding activity of each chimeric mAb. In brief, a 96-well polystyrene flat-bottom plate was coated with purified trimeric gp140 (AD8, YU-2, MW and PSC 89) or with monomeric gp120 in coating buffer (pH 9.8; 2 mM Tris, 10 mM NaCl) followed by blocking with 5% skim milk. Then, the chimeric antibodies were added and detected using ZyMAX goat anti-human IgG (H C L) -HRP conjugated (ThermoFisher scientific). Color reaction was developed using TMB substrate and the absorbance was measured at 450 nm against a reference of 690 nm.
Purification of chimeric/fully bovine antibodies
The anti-HIV gp140 mAbs were produced in large scale. Cell debris were removed by centrifugation at 500 £ g for 10 min followed by collection of supernatant and storage with the addition of 0.02% sodium azide at 4 C. The purification of antibodies was performed using protein G (prt G) agarose Fast flow (Millipore) according to manufacturer's instruction. Briefly, 150 ml supernatant of each antibody was loaded onto a column containing 1 ml of 100% prt G agarose and eluted with 50 mM glycine pH 2.7. The eluted antibodies were immediately neutralized using 2 M Tris pH 10. Finally, the antibodies were buffer exchanged to PBS and concentrated by Amicon Ultra 30kDa filter (Millipore). Purified IgGs were filter sterilized and the concentration was calculated according to OD 280 nm measurement.
Assessment of mAbs binding to denatured AD8 gp140 Env
To investigate if the anti-HIV gp140 mAbs bind to linear epitopes on gp140 in reducing conditions, 300 ng of AD8 gp140 was run on 8% SDS gel, then transferred onto the nitrocellulose membrane. Afterward, the membrane was blocked with 5% skim milk and incubated with chimeric mAb overnight at 4 C. The membrane was washed with PBST, then the attached antibodies were detected using 1/ 10000 ZyMAX goat anti-human IgG (H C L) -HRP conjugated (ThermoFisher scientific) for 2 hours at RT. The membrane was washed, substrate was added and the bands were visualized as described above.
Assessment of mAbs binding to different form of AD8 Env
An IP assay was performed to investigate the binding of anti-AD8 Env mAb to soluble AD8 trimeric gp140, AD8 SOSIP gp140 (stabilized, soluble cleaved trimeric form of Env protein), cleavage competent gp140 and chimeric gp140 Env proteins (SIV gp41-AD8 gp120; SIV gp120-AD8 gp41). An IP assay with soluble gp140 was performed to verify the binding of antiEnv mAbs to non-immobilized gp140 Env. SOSIP gp140 was also used in the IP assay because it has the closest structure to the native Env. The cleavage competent gp140 converts mostly to monomeric gp120 and gp41, and an IP assay using this form of Env reveals whether the mAbs are able to bind monomeric gp120 or gp41. To identify the binding site of mAbs on AD8 gp140 Env, chimeric gp140 Env, which is composed of AD8 human-derived gp120 and SIV macaque-derived gp41 (SIV gp41-AD8 gp120) or vice versa (SIV gp120-AD8 gp41), was used.
The IP assay was performed as following: 40 ml 50% prt G agarose was incubated with 10 mg/reaction (50 mg/ml) of chimeric mAbs or 100 ng/reaction (0.5 mg/ml) VRC01/ 2F5 (as positive control) in lysis buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% IGEPAL and protease inhibitor (Roche Diagnostics) for 2 hours at 4 C to allow the Fc region binding to prt G. Then, the beads were washed with lysis buffer to remove the unbound antibodies. The beads coupled to the mAbs were incubated with Env proteins overnight. The concentration of the proteins was 25 mg/ml for soluble AD8 trimeric gp140 and AD8 SOSIP gp140 or 100-200 ml of harvested transfection supernatant for chimeric gp140 Env proteins. After several washings with lysis buffer, the beads were boiled with 25 ml of 5X SDS buffer (containing 5% mercaptoethanol) for 10 minutes, vortexed and spun for 10 minutes at 12,000£ g. Ten microliters of eluted proteins from the IP assay were run on reducing SDS gel and then blotted onto the nitrocellulose membrane. After blocking with 5% skim milk, the membrane was washed with PBST and incubated with 1/1000 anti-gp120 DV-012 sheep polyclonal antibody (NIH reagent) or 1/3000 anti-gp120 D7324 sheep polyclonal antibody (Aalto Bio Reagents, Cat. No. D7324) to detect gp120 and 1 mg/ml 2F5 (NIH reagent) antibody to detect gp41 at 4 C overnight. The membrane was washed and incubated with 1/1000 rabbit antisheep IgG (H 
Competition ELISA with BrNAbs and sCD4
To investigate the epitopes of AD8 Env-binding mAbs, a competition ELISA was performed using the BrNAbs b12 and VRC01 (CD4bs), 2G12 (mannose-dependent epitope on gp120), PG9 and PG16 (N glycan linked V1-V2 region), PGT121, PGT126 and PGT135 (N glycan linked V3 region) and 2F5 and 4E10 (MPER region). The plate was coated and blocked as described previously using AD8 gp140 Env protein.
Then, serial dilutions of fully bovine mAb antibodies were added and the plate was incubated for 2 hours at RT. After washing, 1 mg/ml BrNAbs was added to each well and incubated for 2 hours at RT. The plate was washed and the binding of BrNAbs was detected using goat anti-human IgG (H C L) HRP (1/1000). Color reaction was developed using TMB substrate. For sCD4 competition ELISA, the plate was coated with 1 mg/ml soluble AD8 gp140 then blocked with 5% skim milk. Then, the wells were incubated with 20 mg/ml sCD4 and serial concentration of chimeric mAbs (200 ng/ml in the first well) for 3 hours at RT. The binding of chimeric mAbs was detected using 1/1000 goat anti-human IgG (H C L) HRP. Color reaction was developed using TMB substrate.
Neutralization assay
The neutralization assay of TZM-bl and CF2th/CD4/CCR5/ CXCR4 canine cells was performed as described previously. ) was added to each well followed by spinoculation at 1200xg for 2 hours (RT). Residual virus and mAbs were removed and 200 ml fresh media was added. The infectivity of the pseudoviruses in the presence of mAbs was analyzed by flow cytometry (LSRII). 86 To perform TZM-bl neutralization assay, 200 TCID50 of each pseudovirus was incubated with different concentration of mAbs (in 100 ml volume) for 1 hour at 37 C. Afterward, 100 ml TZM-bl cells (10 4 ) was added to each well and the plate was incubated for 48 hours at 37 C. The infectivity of pseudoviruses was calculated according to luciferase relative light unit readout using Fluostar plate reader (BMG Labtech). 87 
Structure-based modeling of VH region
To define the location of aromatic, His and Cys residues in both 6A and 8C antibodies, and the structure changes following Ala substitution, the VH region was modeled using a fully automated protein structure homology-modeling server (SWISS-MODEL, http://swissmodel.expasy.org). The server used bovine ultra-long CDRH3 as template (Protein data bank code: 4k3d.1.A for 6A mAb and 4k3e.2.A for 8C mAb).
Ala substitution mutagenesis
To investigate the potential role of aromatic residues and Cys in VH regions, some mutations were introduced into the CDRH regions of 6A and 8C by PCR using Pfu Ultra II Fusion HotStart DNA Polymerase (Promega) or Phusion High-Fidelity PCR DNA Polymerase (Promega) according to the manufacturer's instructions. The PCR reaction was performed as Table S1 . For each primer, the complementary sequence was used as the reverse pair primer. The expression of the antibodies was performed as described previously. The supernatants were harvested and the antigen binding of mAbs was investigated in ELISA assay.
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